Moore's law 1 which states that the number of transistors per chip doubles approximately every 18 months is the driving force in delivering microprocessors with increased transistor density, faster switching speed, and lower power characteristics from one technology generation to another. 2 In this regard, downscaling of the metal-insulator-semiconductor (MIS) stacks and metal-insulator-metal (MIM) capacitors is being effected in complementary metal-oxidesemiconductor (CMOS) devices. The most difficult challenge to meet this law is to deliver materials with high density at the nanometer scale. One critical component in high performance logic (e.g., metal-oxide-semiconductor field-effect transistor (MOSFET)) and memory [e.g., dynamic random access memory (DRAM) and resistive RAM (RRAM)] devices is a thin layer of insulator/dielectric oxide material with significantly enhanced physical properties (such as large bandgap, high linear dielectric constant, reduced loss tangent, lower leakage currents, and CMOS process compatibility) in order to continue aggressive scaling. 3 Under this context, we have developed the ternary oxide material, Ho 2 Hf 2 O 7 (HHO) in order to investigate how the addition of Ho 2 O 3 4 affects the dielectric/physical properties of HfO 2 5 from not only a high-k engineering point of view but also to learn about the physics of the material. Additionally, high-k epitaxy in which the dielectric material is epitaxial and lattice-matched to the underlying silicon, forming a clean/abrupt interface, is projected as the solution for achieving sub-nanometer electrical functional thickness with minimized leakage currents (standby power), good reliability, and a high electrical breakdown. 6 Our effort is to stabilize HfO 2 in its cubic phase by the addition of Ho 2 O 3 , hoping to achieve functional properties superior than either of the individual end-member precursors. This class of oxide materials can also serve as antireflective/protective coatings and refractory matrices for optical devices, dielectric ceramics for microwave wireless communication devices, ionic conductors, nuclear waste-storage materials, and thermal coatings. [7] [8] [9] In this letter, we present ceramic holmium hafnate as a promising alternative high-k dielectric material, emphasizing its wide bandgap and linear high-k value with low leakage currents.
Polycrystalline powders of HHO were synthesized using high-energy solid state reaction from a stoichiometric mixture (1:1 molar ratio) of HfO 2 and Ho 2 O 3 powders. High purity (>99.95%) reagents/precursors from Alfa Aesar were pre-fired at 700 C in argon atmosphere for about 2 h to remove water content and other volatile impurities. Mechanical ball milling of stoichiometric amounts of hafnia and holmia was carried out overnight in methanol for fine mixing, followed by calcination in air at 1500 C for 24 h, using a Carbolite HTF1700 furnace with heating and cooling rates of 5 C/min. The assynthesized powders with 7 wt. % polyvinyl alcohol were pressed into thick pellets (/ ¼ 13 mm, thickness ¼ 0.75 mm) at a uniaxial pressure of 4 tons and later sintered at 1550 C for 6 h. Phase purity of the sample was checked in slow scan mode (0.25 /min) with a Rigaku Ultima III X-ray diffractometer (XRD) equipped with CuKa radiation (k ¼ 1.5405 Å ) source operating in Bragg-Brentano (h-2h) geometry at 40 kV and 40 mA. The Rietveld structure refinement of the unit cell and determination of the crystallographic parameters were carried out using a FullProf Suite software package 10 following Young's strategy. 11 Local crystal structure analysis was made via temperature-dependent Raman spectroscopy using a Jobin Yvon T64000 spectrometer operating in backscattering configuration and in subtractive mode. About 10 mW of continuous wave power from a Coherent argon ion laser (Innova 90-5) at 5145 Å was focused to a small spot size of $2 lm Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP: 138.251.162.199 On: Tue, 17 May 1200 K in steps of 50 K using Linkam TP93 and TMS94 temperature controllers and liquid nitrogen pump (LNP) cooling module having 61 C accuracy. Room-temperature surface topography of the sample at 3500 Â and 10 000 Â magnifications was analyzed in vacuum using a scanning electron microscope (SEM) having a resolution better than 1 lm. Elemental analysis of the pellet was carried out by recording the energydispersive X-ray (EDX) spectra. X-ray fluorescence (XRF) spectra were collected to identify and to determine the concentrations of the elements present in the sample. Diffuse reflectance absorption spectra of opaque HHO ceramics were recorded in the spectral window of 190-800 nm using a Varian Cary UV-Vis spectrophotometer equipped with an integrating sphere. For dielectric and electrical characterization, HHO pellets were DC magnetron sputtered (power density of $1 W/ cm 2 ) at room temperature with Pt to form the top and bottom electrodes. The resulting Pt/HHO/Pt MIM structures were annealed at 400 C in high purity oxygen ambient for proper adhesion of Pt and recovery of the possible sputter damage. The dielectric and DC leakage current measurements were done under vacuum ($10 À6 Torr) using an HP4294A impedance analyzer and Keithley electrometer (model #6517A). Thermal control was achieved in the range of 82-600 K using a variable temperature micro-probe system equipped with a programmable temperature controller [MMR Technologies, Inc.]. The samples were kept in the dark during electrical characterization.
The 13 predicts the stable formation of HHO defect (disordered) fluorite structure with higher symmetry (decreased degree of distortion) instead of ordered pyrochlores (increased ion disorder). Figure 1 shows the experimental and Rietveld simulated XRD patterns of HHO powders representing defect fluorite structure belonging to space group (Fm 3m or O 
. It is worth noting that HHO is found to be a closely lattice-matched oxide with silicon (5.43 Å ) to enable epitaxial/textured growth on semiconductor. A three-dimensional model of HHO unit cell projected along c-axis is illustrated in the inset of Fig. 1 , where the Ho 3þ /Hf 4þ occupies face-centered positions in a cubic unit cell with anions in the eight tetrahedral sites between them. X-ray scattering power of O is much less than that of rare-earth or transition metal ions (Ho 3þ /Hf 4þ ), whereas Raman spectroscopy is more sensitive to oxygenmetal vibrations than to metal-metal vibrations and hence is an excellent technique to probe the disorder in the lattice. The factor group analysis for the fluorite structure 14 with the site symmetry O h for cation and T d for oxygen ion is given by
and predicts only one Raman-active mode F 2g originating from the symmetric stretching of oxygen atoms around metal ions in MO 6 octahedra. Cubic fluorite phase formation of HHO was confirmed by room temperature Raman spectroscopy, where a broad phonon mode centered around 300-400 cm À1 spectral region was identified, as shown in Fig. 1(b) . The observed large linewidth can be attributed to the static atomic displacement from their ideal positions as a result of lattice strain due to the sample's thermal history and more significantly due to compositional substitution by atoms with mismatched cationic radii and valencies. 15 The temperature dependent vibrational spectra (data shown for 83 K and 1200 K) depicted in Fig. 1(b) were found to be nearly identical to that obtained at room temperature (with a nominal softening with increasing temperature) confirming that the HHO defect-fluorite phase is quite stable; hence, it is a promising material for various applications in a remarkably wide temperature range. Two more broad bands observed at lower frequencies $110 cm À1 and $184 cm À1 may be the normally forbidden zone-boundary acoustic modes appearing due to lattice disorder. With increase in temperature, structural disorder increases and hence the intensity of these peaks is enhanced. HRTEM image of the HHO powder sample given in the inset of Fig. 1 Fig. 1(c) , demonstrates fine, dense, and close granular structure with an average grain size of about 2 lm and it shows the presence of pores. Figure 2 shows the diffuse-reflectance absorption spectra of HHO ceramic sample. The absorbance A or the KebulkaMunk function F was deduced from the spectral reflectance data using the Kebulka-Munk relation A ¼ F ¼ ð1 À R 2 Þ=2R, where R is the percentage of reflected light. As shown in the plot 16 of (dF/dk) versus k given in the inset of Fig. 2 , diffuse reflectance spectra exhibit an absorption threshold with an inflection point at $221 nm ($5.6 eV) that we ascribe to the bandgap. Such a large bandgap will be of interest for electronic device applications if the material has sufficiently enhanced dielectric properties.
Detailed analysis of dielectric and electrical properties of high-k dielectrics is important for their successful application in nanoelectronic devices, such as MOSFET, DRAM, and RRAM. Figure 3(a) and its inset illustrate the frequency dependence of relative dielectric permittivity (e 0 ) and loss tangent (tan d, where d is the phase difference between the applied electric field and the induced current) of polycrystalline HHO high-k dielectrics at zero bias and in the temperature range of 81 to 600 K. The ceramic pellet was cooled to 81 K and capacitance and loss tangent were measured up to a temperature of 600 K in steps of 25 K. The roomtemperature dielectric constant and loss tangent were determined to be $19-20 and $0.001, respectively. No significant dielectric dispersion (almost linear response) was observed throughout the experimental frequency range. Also, the observed dielectric variation (De 0 ) is small (64%), and the measured loss tangent is less than 0.05 throughout the conventional CMOS device operating temperature of $200-400 K and at frequencies that ranged from 1 kHz-1 MHz. This polar dielectric material has a smooth frequency response (no relaxation) and it is temperature-stable having low-loss. These features are advantageous for gate oxide and DRAM applications. The increase in dielectric loss with temperature is more pronounced at power frequencies (10 2 to 10 3 Hz) and may be ascribed to thermally generated free carriers which partly contribute to the real part of dielectric permittivity; hence, this parameter slightly increases with temperature. 17 The absolute complex permittivity is given by the relation e ¼ e 0 À je}, where e 0 (a measure of how much energy from an external electric field is stored in a material) is the real part and e} (¼ e 0 Â tan d, a measure of energy dissipation per period from both dielectric loss and conductivity) is the imaginary part. In Fig. 3(b) , we have plotted the temperature response of real and imaginary (inset) parts of relative dielectric permittivity of a polycrystalline HHO pellet in the frequency range of 100 Hz-1 MHz. were found to be nearly constant (almost linear without any peak) for experimental frequencies !1 kHz up to 600 K. This HHO ternary oxide exhibited no dielectric anomaly, that is, in good agreement with the phase stability revealed by Raman spectroscopy studies. The voltage linearity, a key parameter for high-k materials, can be experimentally verified by modeling the C-V plots with the quadratic law
where V is applied bias voltage; C v and C 0 are the capacitance at a specific applied voltage and at zero voltage; a and b are the quadratic and linear voltage coefficients, expressed in units of parts per million (ppm/V 2 ) and ppm/V, respectively; and DC=C 0 is the normalized capacitance. a, also known as the voltage coefficient of capacitance (VCC), is a more relevant parameter to be minimized. Electric field dependency of normalized capacitance density of Pt/HHO/Pt MIM structures at 10 kHz, 100 kHz, and 1 MHz evaluated from data obtained from C-V measurements is given in Fig.  4(a) , together with their voltage linearity fits. A linear dielectric response and little hysteresis were observed while sweeping voltage (electric field) from À10 V (À1.25 Â 10 4 V/m) to þ10 V (þ1.25 Â 10 4 V/m). In other words, e 0 is independent of the magnitude of the applied electric field for HHO. There is no dispersion in capacitance with applied bias, confirming the linear dielectric behavior of this electronic material. Inset (II) of Fig. 4(a) shows the variation in positive quadratic VCC (4.3-23 ppm/V 2 ) with ac drive frequency. The temperature dependence (81-600 K) of capacitance (k-value) measured at 100 kHz showed little change (À1% or þ5%) with respect to the room temperature value, as depicted in inset (I) of Fig. 4(a) . The measured quality factor Q ¼ ð1= tan dÞ was well above the limiting value of 20 at all the measured frequencies (data not shown). This analysis proves that the permittivity of this material has constant value with respect to frequency and temperature for operation over a variety of conditions. These properties reveal the applicability of this material for MIM stacked capacitors, such as radio frequency (RF) coupling and bypass capacitors in oscillators and resonator circuits, filter and analog capacitors in analog/mixed-signal (AMS) circuits, decoupling capacitors for microprocessors (MPUs), and storage capacitors in DRAM and embedded DRAM (eDRAM)/logic devices.
A key motivation in finding an alternative dielectric is to have controlled leakage currents when the material is used either as a gate oxide in logic devices or as a charge storage layer in MIM capacitor structures. Temperature dependent leakage current characteristics were recorded in the dark for Pt/HHO/Pt devices in the 100-600 K temperature range in order to study their current conduction mechanism(s) and reliability and these are illustrated in Fig. 4(b) . The symmetric J-E (current density versus electric field) curves with weak temperature dependence, obtained while ramping the voltage (electric field) from À750 V (À9.38 kV/cm) to þ750 V (þ9.38 kV/cm), can be ascribed to the similarity in material properties and charge transport mechanisms across the Pt/ HHO and HHO/Pt interfaces. A low leakage current density of 6.12 Â 10 À7 A/cm 2 was observed at the maximum applied field (9.38 kV/cm), which validates the charge storage capabilities for its use in future technology nodes. The leakage data were plotted in Schottky coordinates (lnr dc versus E 1=2 =kT), as shown in the inset of Fig. 4(b) . The expression for Schottky charge transport mechanism 19 is given by
where b ¼ ðe 3 =ape 0 e 1 Þ 1=2 ; and r 0 is the low-field conductivity of the system; E is the electric field strength in the insulator; k is the Boltzmann constant; T is absolute temperature; e is electronic charge; e 0 is the permittivity of free space; e 1 is electronic permittivity of the insulator; and a is 4 for Schottky emission. A good linear fit in the room temperature Schottky plot [Eq. (2) ] is indicative of electrode/interface-limited Schottky conduction mechanism due to field assisted thermionic emission of electrons over a barrier U B (U HHO/Pt ), the Fig. 4 demonstrates the temperature dependence of the dc conductivity at different applied electric fields, along with the Schottky modeling for 300 K data. energy offset between Pt Fermi level and HHO conduction band minima. The electronic dielectric constant (e 1 ) and high frequency refractive index (n 1 ¼ ffiffiffiffiffi ffi e 1 p ) of HHO estimated from the slope of the linear fit of Schottky plot at 300 K are found to be 4.29 and 2.07, respectively, and these figures are similar to the values reported for HfO 2 , 20 validating our findings. This small value of e 1 in comparison with the high dielectric constant (19) (20) obtained from dielectric measurements implies that the majority of "k" must originate from the lattice contribution.
In summary, a defect fluorite structured high-k dielectric HHO is developed and demonstrated as a potential electronic device material in terms of its structural, optical, charge transport, and temperature-and frequency-independent dielectric properties. A wide bandgap of 5.6 eV, a high linear dielectric constant of $20, and a low dielectric loss of $0.001 were obtained at ambient conditions. The Pt/HHO/Pt capacitor showed very low figures (6.12 Â 10 À7 A/cm 2 at 9.38 kV/cm) for interface-limited Schottky emission leakage currents.
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